First generation linkage disequilibrium (LD) and haplotype maps of the human major histocompatibility complex (MHC) have been generated in order to aid the unraveling of the numerous disease predisposing genes in this region by offering a first set of haplotype tagSNPs. Several parameters, like the population studied, the marker map used, the density of polymorphisms and the applied algorithm, are influencing the appearance of haplotype blocks and selection of tags. The MHC comprises a limited number of ancestral, conserved haplotypes. We address the impact of the underlying HLA haplotypes on the LD patterns, haplotype blocks and tag selection throughout the entire extended MHC (xMHC) by studying DR-DQ haplotypes, mainly those carrying DRB1*03 and DRB1*04 alleles. We observed significantly different degree and extent of LD calculated on different HLA backgrounds, as well as variation in the size and boundaries of the defined haplotype and tags selected. Our results demonstrate that the underlying ancestral HLA haplotypic architecture is yet another parameter to take into consideration when constructing LD maps of the xMHC. This may be essential for mapping of disease susceptibility genes since many diseases are associated with and map on particular HLA haplotypes.
Introduction
The pattern of linkage disequilibrium (LD) in the human genome is of considerable interest, and knowledge about it is constantly evolving. The depiction of this pattern will help to unravel the genetic basis of human complex diseases by enabling more efficient fine mapping of genes directly involved in disease, as well as giving a detailed view of the evolution of the genome. [1] [2] [3] LD is a promising tool in association studies, 4 allowing us to search for genetic variants of small effects and to genetically dissect complex traits. 5, 6 At the same time, we have to bear in mind its counterpoints, the difficulties of deciphering the causal variants from variants in LD.
The pattern of LD is highly variable both on a regional and on a population level; [7] [8] [9] [10] thus, it is difficult to obtain a uniform description of this phenomenon. Recently, the human genome has been portrayed to be arranged in block-like structures characterized by areas of high LD creating so-called haplotype blocks, separated by regions of low LD hypothesized to correspond to recombination hot spots. 8, [11] [12] [13] [14] [15] This viewpoint led to the project which aimed to delineate a genome-wide map of LD and haplotype blocks, the international HapMap project. 16 The intention is to facilitate a more efficient approach to discover genes predisposing to complex diseases by the use of 'haplotype-tagging' SNPs and thereby reduce the number of markers needed in the mapping process. 17 Haplotype blocks are not a biological phenomenon; it is an algorithmic definition of a region in the human genome characterized by reduced haplotype diversity or strong LD. It is one way of trying to organize the human genome so that it is more tangible for genetic studies. No common definition to describe these discrete blocks or tags exists, and a variety of statistical methods are being proposed. The defined block structures are strikingly dependent on the algorithm employed, 18 the marker density 19 and the marker map used. 20, 21 Thus, caution must be taken not to oversimplify this phenomenon, and one should bear in mind its limitations. 22 The most intensively studied chromosomal region in humans is the major histocompatibility complex (MHC), also referred to as the human leukocyte antigen (HLA) complex, which is located on the short arm of chromosome 6 (6p21.3). The classical MHC spans 3.6 Mb. 23 Lately the MHC has been extended, particularly in the telomeric end, to cover 7. 6 Mb because the surrounding sequence shows synteny to the mouse MHC, contains MHC-similar genes and displays LD that extends past the original MHC boundaries. 24 About 28% of the expressed transcripts from the genes within the extended MHC (xMHC) are potentially involved in the immune response. 24 Hence, it is not surprising that this genetic region is associated with a large number of autoimmune and immune-mediated diseases. 25 Hallmarks of the human MHC are the high degree of LD that exist between alleles at neighboring loci and the extreme degree of polymorphism demonstrated by the genes encoding peptide-presenting molecules (HLA-DPB1, -DQB1, -DQA1, -DRB1, -C, -B and -A). Most of the common MHC haplotypes are either ancestral haplotypes (about 25-30% in Caucasians) or recombinants (perhaps another 25-50%) of ancestral haplotypes. 26 The MHC is arranged into conserved extended haplotypes of variable size, at least up to 3.2 Mb, 27, 28 which can be recognized by haplotype specific marker(s). 26 The ancestral MHC haplotypes are characterized by specific alleles at the HLA class II and I genes, as well as loci in the class III region. This scaffold of underlying MHC haplotypes of variable length, covering highly polymorphic loci and encompassing nearly the entire MHC region, could potentially hamper the conditions necessary to generate summarized LD maps of this complex region. This represents an important concern, particularly given the status of the mapping process for disease-involved genes in this region, where a disease predisposing gene often is recognized to be situated on specific ancestral MHC haplotypes, but the precise location has not been pinned down. Anchored in these features, one could question the usability of generalized maps of LD, haplotype blocks and tags in the fine mapping process.
Given the importance of the MHC in disease susceptibility, and in the trail of recent studies, suggesting a block structure of the genome, first generation haplotype and LD maps of the MHC have been constructed. 29, 30 So far, no attention has been paid to the underlying ancestral MHC haplotypes, even though Ahmad et al. 31 have demonstrated that the LD pattern within the MHC varies in a haplotype-specific manner. The aim of this study was to investigate the effect of the HLA haplotype background on the LD patterns, construction of haplotype blocks and selection of tags in the xMHC and discuss its relevance in mapping disease predisposing loci.
Results
We have investigated the LD patterns and defined haplotype blocks and tags for markers (42 multiallelic loci) covering the xMHC after subgrouping for some HLA loci (i.e. DQB1, DQA1, DRB1 and in some instances MIB as a marker for HLA-B) to examine if significant differences are observed given various HLA backgrounds.
LD across the xMHC
The global D 0 -values calculated pairwise between each marker combination in the data sets both for the total material (n ¼ 844 haplotypes) and for the individual HLA subgroups are depicted in Figure 1 . Interestingly, the LD patterns appear different for the various HLA subgroups and for the total data set. The LD is overall weaker in the total material than in the selected HLA subgroups, which could mainly be an effect of the larger sample size and the fact that the total material comprises of an averaged LD from all subgroups. In addition, the degree and extent of LD vary between the HLA subgroups. For example, the DQB1*0302-DQA1*03-DRB1*0401 and the DQB1*0302-DQA1*03-DRB1*0404 subgroups display substantial differences, likewise between the DQB1*02-DQA1*05-DRB1*03-MIB*326 and DQB1*02-DQA1*05-DRB1*03-MIB*350 subgroups. Some of the HLA subgroups seem to show block-like patterns of LD, while for others, in particular the DQB1*02-DQA1*05-DRB1*03-MIB*326, the D 0 -values are much less predictable on the basis of the distance between the markers. Altogether, inspection of the raw data from the D 0 calculations indicates that there exist differences in LD dependent on the HLA background. In agreement, the allele frequency distribution varies between the different HLA subgroups (data not shown).
Haplotype blocks created from the different HLA subgroups To further visualize the LD across all HLA subgroups, we defined haplotype blocks, depicted as horizontal bars in Figure 2 , both using the common haplotype definition 13 ( Figure 2b ) and the haplotype diversity definition 17 ( Figure 2c ). The number of blocks defined from the 42 markers on each HLA background differed markedly dependent on the parameters chosen. Overall, larger and fewer blocks were defined by the haplotype diversity method except for the DQB1*02-DQA1*05-DRB1*03-MIB*326 and DQB1*0302-DQA1*03-DRB1*0404 subgroups. For the common haplotype method between 13 and 24 blocks were defined in the different HLA subgroups with sizes ranging from 1 to 11 markers. The haplotype diversity method created between 9 and 21 blocks covering 1-13 markers for the various HLA subgroups.
The total data set produced many small blocks. This was probably partly due to the haplotype assortment being larger in this group and thus more uncommon haplotypes are present. In contrast, numerous small blocks were also produced for the two smallest subgroups, namely DQB1*0302-DQA1*03-DRB1*0404 and DQB1*0501-DQA1*0101-DRB1*01. Differences in marker allele frequencies that are seen between the HLA subgroups will also contribute to the dissimilar depiction of blocks. We used the same values for each parameter (see Materials and methods) in all haplotype groups (except in the total material as the program was unable to handle b ¼ 2 probably due to too many possible blockpartitionings) although they had variable sizes. It is not obvious how the parameters should depend on the group size. A b ¼ 2 is more strict in a group of size 40 than in a group of size 300, but in contrast the occurrence of rare haplotypes will increase with population size making the choice of a more strict in the larger group. When evaluating the effect of different parameter values, we observed in most cases a consistent block pattern HLA haplotype specific LD in the xMHC A Blomhoff et al within each HLA subgroup; the sizes of larger blocks decreased for more strict values of a and b, but fell within the boundaries of the larger blocks. It has previously been suggested that sample size does not affect the performance of the haplotype block model as heavily as other parameters like the marker density. 32 Even more important, the boundaries defining the haplotype blocks for the different HLA subgroups do not coincide. Only rarely do breaks in the haplotype block occur between the same markers for almost all HLA subgroups, for example, between marker D6S2707 and D6S1683. Interestingly, even comparing DQB1*02-DQA1*05-DRB1*03-MIB*326 and DQB1*02-DQA1*05-DRB1*03-MIB*350, which are subdivisions of the DQB1*02-DQA1*05-DRB1*03 group, the depicted haplotype blocks and tags are dissimilar. Overall, the largest blocks are seen on chromosomes carrying DQB1*02-DQA1*05-DRB1*03-MIB*326. The dissimilarity between HLA subgroups is observed not only within the MHC but also throughout the entire xMHC.
The markers selected as tags from the haplotype blocks Above the haplotype blocks in Figure 2 , the markers identified as tagging the haplotype blocks are depicted as triangles. According to the tag definitions and the parameter values used, each set of marker tags explains either 70% of the common haplotypes in the block they are labeling (Figure 2b ), or 95% of the haplotype diversity ( Figure 2c ). In reality, when setting g ¼ 0.7 in the common haplotype method, most of the tags (88%) capture more than 95% of the common haplotypes (white triangles). Comparing the markers picked as tags by the two methods disclosed that as many as 21% of the markers did not correlate.
Since the purpose of identifying tags is to reduce the amount of markers needed to be genotyped, we compared the number of tags for each HLA subgroup. By employing the common haplotype definition (Figure 2b ) in the total material, as many as 74% of all the markers are identified as tags, which represents a slim reduction in genotyping efforts. In contrast, using the haplotype diversity definition, only 22 markers (52%) was selected as tags in the total data set. Moving on to the HLA subgroups, a chaotic picture emerges with little correlation between the tags selected for the different subgroups or by the two tag definitions. For example, on the DQB1*02-DQA1*05-DRB1*03 haplotypes 60% of the markers are needed to capture the common haplotypes, but after splitting it into DQB1*02-DQA1*05-DRB1*03-MIB*326 as few as 38% of the markers are required (Figure 2b) .
Another important question is whether the tags recognized from the total data set constitute a set of tags useful for the individual HLA subgroups. For several of the haplotype blocks in the different HLA subgroups, the tags needed are not among those defined from the total data set. On average, 10% of the required tags are missing in the total data set when defined by the common haplotype definition, while 40% of those needed in the individual HLA subgroups are omitted from the tags defined by the haplotype diversity definition. We calculated how much of the haplotype diversity within the blocks defined for each HLA subgroup the tags selected from the total data set would be able to pick up. The results revealed that 31 out of 93 blocks failed to capture the required 495% of the haplotype diversity set as a threshold to define blocks and tags. Actually, for nine blocks, none of the haplotypes were captured as no marker within this block was included as a tag in the total material. Hence, even though a high number of markers are selected as tags in the total data set, the tag set has low coverage in the individual HLA subgroups.
Noteworthy, for one of the haplotype blocks defined by the common haplotype method no tag was indicated, namely for the block spanning from marker DQCAR to MICB on the DQB1*02-DQA1*05-DRB1*03-MIB*350 haplotype. The reason for this is that only one common haplotype is seen within this block. In contrast, for the non-DQB1*02-DQA1*05-DRB1*03 subgroups, the markers spanning this region constitute several common haplotypes.
LD comparisons
The mean of D 0 values calculated in a sliding window of seven markers for each HLA subgroup compared to the corresponding mean of random samples from the total data set are shown in Figure 3 . In general, the xMHC displays weaker LD in the centromeric part of the MHC than in the telomeric part and the LD appear particularly strong throughout the classical HLA complex, stretching into the extended class I region.
For the DQB1*02-DQA1*05-DRB1*03 subgroup, the mean D 0 is slightly increased compared to the expected mean obtained from a randomly selected subset of equal size. Interestingly, when splitting the DQB1*02-DQA1*05-DRB1*03 subgroup into DQB1*02-DQA1*05-DRB1*03-MIB*350 and DQB1*02-DQA1*05-DRB1*03-MIB*326, two distinct peaks of high LD were observed. In the DQB1*02-DQA1*05-DRB1*03-MIB*350 subgroup, a significantly augmented mean D 0 was seen in the class I and extended class I region, between marker MICA and D6S2225, while in the DQB1*02-DQA1*05-DRB1*03-MIB*326 subgroup, the mean D 0 between the more centromeric markers D6S1568 and D6S258, located in the classical MHC, was significantly higher than expected. Surprisingly, the mean D 0 spanning this region was highly reduced in the DQB1*02-DQA1*05-DRB1*03-MIB*350 subgroup. Hence, the D 0 values seen on these two DQB1*02-DQA1*05-DRB1*03 haplotypes deviate greatly from each other, which is also clear from the correlation plot between these two subgroups shown in Figure 4 . The mean D 0 calculated in other subgroups displayed only few and minor deviations from that derived from the total material. Figure 4 shows the correlation of the D 0 values in the different HLA subgroups compared to the total data set or to each other. In general, several areas exhibit weak 
Discussion
LD and haplotype block maps have been constructed for the MHC; 29, 30 however, no consideration has been taken regarding the underlying HLA background creating a scaffold of conserved haplotypes of variable lengths. Ahmad et al. 31 have, by studying the LD extending from different HLA-B alleles, recognized that LD varies in a haplotype specific manner within the MHC. We have integrated this notion to observe which effect HLA subgroups have on the construction of haplotype blocks and selection of tags from markers covering the xMHC.
The underlying ancestral MHC haplotypic architecture adds a novel level of complexity that might influence the description of LD patterns and arrangement of the genome into haplotype blocks. Previously, it has been pointed out that LD and blocks defined may vary based on the block algorithm, 18 the population studied, 33 the SNP frequencies, 34 and the density of polymorphisms. 19 We applied two different methods when defining the haplotype blocks and tags, and the outcome was strikingly different both with regard to the tags selected as well as boundaries and sizes of the blocks constructed ( Figure 2 ). Our data set comprised four European populations, but the results from the individual populations did not differ (data not shown). The same observation was made by Stenzel et al. studying LD across the MHC, 35 and even though ethnicity is a parameter influencing LD, maps seem to be transferable among European populations. 36 In contrast to the population similarities, we observed significant variations in LD pattern and haplotype blocks after grouping the data set, according to alleles carried at some HLA loci (i.e. DQB1, DQA1, DRB1, and in some instances MIB). It has been suggested that the HLA haplotype specific differences seen for 'frozen blocks' predates the separation of ethnic groups. 37 Our finding of different LD patterns and haplotype blocks defined on different HLA background coincide with the previous observation that the recombination rate varies in an HLA haplotypedependent manner. [38] [39] [40] Recombination hot spots seem to play a more pronounced role in shaping the LD landscape than population history, 15 and in the MHC class II region meiotic crossover hot spots have been shown to strongly correlate with break down of LD. 12 In further agreement with the previously reported HLA-B haplotype-specific LD, 31 our results suggest that distinct landscapes of LD, as well as discrete haplotype blocks and tags will be drawn dependent on which MHC haplotypes form the canvas.
In this study, we have employed multiallelic markers. An advantage of microsatellites is that they generally have higher heterozygosities; therefore, they are more informative than SNPs, and furthermore they are less exposed to haplotype phasing mistakes. 41 Comparisons of LD patterns from microsatellites and SNPs suggest that microsatellite maps, if sufficiently dense, can be used to predict the level of short range LD. 42 Microsatellites have previously been shown to be a useful tool in mapping disease associated loci in the MHC. 43 Even though our map has limitations; it consists of microsatellites, it is not particularly dense and microsatellites may have evolved differently dependent on the SNP Figure 4 Sliding correlation of D 0 comparing markers on the investigated HLA haplotypes. The D 0 correlation, based on all pairs of markers in windows of seven consecutive ones, between a specified HLA subgroup and the total data set (All), or between two HLA subgroups (filled circles). Open circles show the mean D 0 correlation between random samples from the total data set and the total set itself. The confidence intervals (dotted lines) enclose 95% of the correlation values in the random sampling procedure. Hence, values that fall below the interval are significantly lower than the expected value of the sliding correlation in randomly chosen subsets.
backbone, 44 the starting point is equivalent for all HLA subgroups investigated.
The xMHC is associated with more than hundred diseases, mainly of an autoimmune nature, 25 and this chromosomal region is the most intensively studied in the human genome. Many disease-involved genes remain to be unveiled and large efforts to fine map susceptibility genes are ongoing. In this respect, knowledge about the LD spanning this region is warranted. The picture emerging for many diseases is that this region harbors several predisposing loci, which necessitates control for the confounding effect of LD from already identified primary loci. 45 When embarking on mapping loci for a particular disease, the underlying HLA structure will be biased compared to the general population, that is, certain HLA haplotypes will be more frequent. As a consequence, the extent of LD, the haplotype blocks constructed and the tags selected might be altered.
Blocks defined from a random data set would not automatically be representative when operating on a particular ancestral HLA haplotype as is often the case when working with a disease population. It is unlikely that blocks represent discrete entities with clear cut boundaries since the size of conserved ancestral haplotypes in a given region may differ. 46 Variability in size of conserved haplotypes is clearly recognised in the MHC, 28 and long-range LD beyond the confines of blocks has been observed in this region. 47 As a consequence, the boundaries of haplotype blocks are likely to depend on the relative frequency of the various ancestral and recombinant haplotypes. 46 This may have practical implications, as a disease association sometimes is restricted to a defined LD block. Caution should be taken when employing blocks in fine mapping as the block boundaries are not fixed and will shift depending on various parameters including the HLA background. Useful LD is often considered to be D 0 40.33 since this D 0 -value, which represents a significantly lower LD than that defined by blocks, approximates the limit of detecting LD between a marker and a disease. 7 The misrepresentation of blocks defined by unselected MHC haplotypes could have further practical consequences if employing tags classified regardless of the HLA background, as disparate markers would be needed to describe the genetic variation on an explicit HLA haplotype. Therefore, when studying a particular HLA subgroup, for example, due to fine mapping of a disease predisposing locus, much will be gained from knowing the pattern of LD, haplotype blocks and tags on that particular HLA background for the polymorphisms under investigation.
The influence of ancestral haplotypes could be a phenomenon that is only pronounced within the MHC; however, also other genomic regions may consist of haplotypes of varying size displaying a combination of ancestral and recombinant haplotypes. There is some empirical support for this notion, for example, Daly et al. 11 observed that 38% of the chromosomes could be assigned to one of four long ancestral haplotypes that spanned the 500-kb region they studied, thereby causing LD between the 11 defined blocks.
In conclusion, our results demonstrate the necessity of taking the ancestral HLA haplotypic architecture into account when delineating the LD pattern throughout the xMHC, especially when searching for disease-involved genes situated on particular MHC ancestral haplotypes.
Materials and methods

Data sets and marker map
The haplotypes used in this study derive from 213 type 1 diabetes families who originated from Norway (N ¼ 66), Denmark (N ¼ 51), Sweden (N ¼ 76), and France (N ¼ 20) . The study was approved by appropriate institutional review boards. The family data sets have been used in previous studies screening the xMHC for disease associations, [48] [49] [50] and all families consisted of one parent homozygous for HLA-DQB1, -DQA1 and -DRB1. The family members had earlier been genotyped for HLA-DQB1, -DQA1, -DRB1, -DPB1 and -DMB alleles, and for 34 microsatellites spanning a region of B12.7 Mb between D6S1548 and D6S2235 covering the xMHC. [48] [49] [50] In addition, another seven microsatellites, D6S1683, D6S258, D6S248, D6S2215, D6S2227, D6S2220, D6S2233, were genotyped to fill gaps in the map. Primer sequences were obtained from the Genome Database (http:// www.gdb.org/), and the markers were genotyped as described elsewhere. 51 We omitted samples that failed to give a reliable genotype result after three rounds of genotyping. Mendelian inconsistencies were removed after identification by PEDCHECK (http://watson.hgen.pitt.edu/register/soft_doc.html). 52 The average distance between markers was 282 kb based on the UCSC Genome Browser (http://genome.ucsc.edu/; May 2004 assembly). The minimum distance was 2.2 kb (between TNFd and TNFc), while the maximum distance was 1300 kb (between D6S1611 and D6S1558 in the region centromeric of the xMHC); however, the largest distance between markers within the classical MHC was 891 kb (between DQCAR and D6S273). The distance between each neighboring marker is schematically shown in Figure 2a .
Reconstruction of haplotypes
Haplotypes were deduced from genotype data using the programme SHOWHAPLO (ftp.hgmp.mrc.ac.uk/pub/ linkage), which determines phase-certain haplotypes from nuclear family data. If the phase cannot be resolved the corresponding alleles were assigned zero (missing values). In the resulting set of haplotypes (844 haplotypes in total), the missing value frequency for the 42 markers used in the subsequent analyses varied between 3 and 32%. To check whether the missing values influenced the results of the LD analyses, we reconstructed a set of 576 haplotypes, stretching over 23 markers spanning the classical MHC (from TAP to D6S464), using the FAMHAP programme (http:// www.uni-bonn.de/~umt70e/becker.html).
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This programme is based on an expectation maximization (EM) algorithm, 54 and the number of loci it can handle is restricted especially for multiallelic markers, but the advantage is that it estimates the most likely parental haplotypes with no missing values. The LD-analyses, as well as haplotype blocking, based on the FAMHAP derived haplotypes showed very similar results to the phase-certain ones (data not shown).
Next, the parental haplotypes were sorted into groups dependent on the alleles carried at HLA-DQB1-DQA1-DRB1, and the following HLA subgroups were used for analyses as they occurred in reasonable numbers: DQB1*0201-DQA1*0501-DRB1*03 (n ¼ 312), DQB1*0302-DQA1*03-DRB1*04 (n ¼ 247) and DQB1*0501-DQA1* 0101-DRB1*01 (n ¼ 42). The DQB1*0302-DQA1*03-DRB1*04 haplotypes were further divided according to the DRB1*04 subtypes into DQB1*0302-DQA1*03-DRB1*0401 (n ¼ 206) and DQB1*0302-DQA1*03-DRB1*0404 (n ¼ 41). Different DRB1*04 subtypes on the DQB1*0302-DQA1*03 haplotype are associated with different risk for type 1 diabetes. 55 Furthermore, the DQB1*02-DQA1*05-DRB1*03 was split based on alleles at the MHC class I-B-related (MIB) microsatellite. MIB was used as a marker for HLA-B, 56 where DQB1*02-DQA1*05-DRB1*03-MIB*350 (n ¼ 175) is highly correlated with DQB1*02-DQA1*05-DRB1*03-B*08 and DQB1*02-DQA1*05-DRB1*03-MIB*326 (n ¼ 62) represents DQB1*02-DQA1*05-DRB1*03-B*18. This division was performed because we have previously observed different extent of LD on these different DQB1*02-DQA1*05-DRB1*03 haplotypes. 49 The DQB1*02-DQA1* 05-DRB1*03-B*08 and DQB1*02-DQA1*05-DRB1*03-B*18 differentiate two distinct ancestral haplotypes termed AH8.1 and 18.2, respectively. 26 The DQB1*02-DQA1*05-DRB1*03-B*08 ancestral haplotype is also called an 'autoimmune' haplotype since it is associated with several autoimmune diseases, 57 like type 1 diabetes, myasthenia gravis, dermatitis herpetiformis and systemic lupus erythematosus. In total, 42 markers were used in the subsequent analyses, as all loci involved in selection of the HLA subgroups were omitted. Each HLA subgroup consists of both the transmitted and nottransmitted parental haplotypes from all populations combined. We observed no differences within these subgroups (either population-wise or comparing transmitted vs not-transmitted haplotypes) when we repeated the LD comparisons in some of the subgroups separately (data not shown). 
LD plots
Definition of haplotype blocks and tags
The haplotype block partition was performed for the total material and for each HLA subgroup separately using a dynamic programming algorithm, implemented in the HapBlock programme (http://www.cmb.usc.edu/ msms/HapBlock) 59 rewritten for the use of multiallelic loci (Zhang, 2004 unpublished) . The algorithm determines the optimal haplotype block partitioning, defined as the set of blocks that gives the minimum number of 'haplotype-tagging' SNPs or in our case multiallelic markers (tags), like microsatellites and HLA-loci. The algorithm depends on three parameters, a; the threshold of common haplotypes included in each block, b; the threshold for common haplotype definition, and g; the threshold for the fraction of haplotypes captured by a set of tags within each block. The goal of the algorithm is to minimize the number of markers used to identify at least a percent of the unambiguous haplotypes in a block. We have used a ¼ 0.7 and b ¼ 2 (or b ¼ 4 for the total data set), which means that in a block at least 70% of all unambiguous haplotypes must be common, and a haplotype is common if there is at least two (or four) copies of it in the data set. We have set g ¼ 0.7 for the common haplotype tag definition implying that a minimum set of markers in a block constitute a set of tags if they uniquely distinguish a subset of common haplotypes that account for at least 70% of all haplotypes. 13 We have also used the haplotype diversity tag definition where we set g ¼ 0.95 defining that a minimum set of markers within a block is a set of tags if they explain at least 95% of the haplotype diversity. 17 The haplotype diversity is defined as 1-R/D, where the total diversity D is the total number of allele differences in all pair-wise comparisons between the observed haplotypes. The observed haplotypes are classified into a number of groups according to the allele pattern across the tags. The sum of the within-group differences is R, the residual diversity. R will be small compared to D when the haplotype group patterns include most of the variations between the observed haplotypes, and then the haplotype diversity will be close to 1.
LD comparisons
To achieve a statistical measurement of the LD variations seen for the different HLA subgroups, we calculated sliding correlation and mean of D 0 , and constructed confidence intervals by random sampling from the total material. For each specific HLA subgroup and for all pairs of the 42 markers, the multiallelic version of D 0 was calculated. 58 This resulted in 861 D 0 -values for each HLA subgroup, which were summarized into a sliding mean of D 0 , that is, the mean is taken over the D 0 values for all pairs of markers within windows of seven consecutive markers. Sliding over the 42 markers, we ended up with 36 window means of D 0 . We tested window sizes of 5-10 markers, and found seven markers to be suitable, as it gave enough smoothing without erasing too much of the variation between the windows. Confidence intervals (95%) of sliding mean of D 0 were constructed by sampling from the total data set. A random sample of size n (the size of the specific HLA subgroup the interval was constructed for) was drawn, and the sliding mean of D 0 was calculated and stored. The procedure was repeated 1000 times, and the 97.5 and 2.5 percentiles of the mean D 0 -values were determined for each window and used as interval limits.
We also performed a comparison of the LD pattern in each HLA subgroup based on the Pearson correlation coefficient of the pair-wise D 0 -values. The correlation between the D 0 -values of a specific HLA subgroup and the total data set were calculated in windows sliding over the 42 markers. Each window comprised seven consecutive markers, and the window correlation was based on all pairs of markers, that is, 21 D 0 -values. 95% confidence intervals were constructed using the same sampling procedure as for the sliding mean of D 0 . Comparisons of the LD pattern between DQB1*02-DQA1*05-DRB1*03-MIB*350 and DQB1*02-DQA1*05-DRB1*03-MIB*326, and between DQB1*02-DQA1*05-DRB1*03 and DQB1*0302-DQA1*03-DRB1*0401, were performed using sliding correlations. The correlation was calculated as before for each window of seven markers, but now between the D 0 -values for the two HLA subgroups being compared. 95% confidence intervals were determined by a sampling procedure, the difference here being that two random sets of the same size as the pair of haplotype sets under study were repeatedly drawn from the total data set.
